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Are existing span-to-depth rules conservative
for flat slabs?
R. L. Vollum and T. R. Hossain{
Imperial College; Bangladesh University of Engineering and Technology
A series of parametric studies is presented to show the influence on deflection of factors including age at striking
and peak construction load. The parametric studies suggest that the peak construction load usually governs long-
term deflections in slabs struck at 2 days or later. Eurocode 2 is shown to significantly underestimate long-term
deflections in slabs under permanent loading if the 28 day concrete tensile strength is used as intended since
deflections are usually governed by cracking during construction. This is reflected in existing span-to-depth rules in
EC2 and BS 8110 that do not realistically take construction loading into account. Span-to-depth rules in EC2 and
BS 8110 are compared for flat slabs and it is shown that EC2 permits significantly thinner slabs. It is shown that
deflections can be excessive in slabs dimensioned to the EC2 rules. Consequently, it is proposed that a modified
concrete strength is used in the EC2 formula for span-to-depth ratios to allow for cracking during construction. It
is concluded that there is scope for reducing slab thickness below BS 8110 guidelines for concrete cylinder
strengths greater than 25–30 MPa.
Notation
Asreq area of tension reinforcement required for
flexure (at mid-span unless noted otherwise)
Asprov area of tension reinforcement provided
Ec concrete elastic modulus
f ct concrete tensile strength
f ckeff effective concrete cylinder strength
proposed for calculation of EC2 span-to-
depth ratios
f ctm mean concrete tensile strength
f ctmodified modified concrete tensile strength used in
deflection calculations. If Kpeak is critical
as is often the case,
f ctmodified ¼ f ctpeak(wperm=wpeak)
I second moment of area
K, Kmin damage parameter (where min denotes
minimum value for floor)
M r cracking moment
1=rm mean curvature
w total load (wstrike, wpeak, wserv as appropriate
in kN=m2
wcon construction load from falsework etc.
wperm permanent load wd þ wqp where wd is the
load and wqp is the permanent component
of the design imposed load wi
wpeak peak construction load
wstrike load at striking
wself slab self weight
wserv full design service load wd þ wi
wuls design ultimate load (kN=m
2)
 ¼ 12 coefficient in interpolation coefficient used
to find mean curvature
 interpolation coefficient used to find mean
curvature 1=rm
Introduction
The thickness of flat slabs is usually governed by
deflection or punching shear. The authors
1
have pre-
viously presented a method for including the effect of
construction loading in deflection calculations that
was validated with data from Cardington.
2
The authors’
method
3
predicts deflections to be significantly in-
creased by construction loading if it induces cracking
in the span. Parametric studies are presented in this
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article which show the effect on deflection of factors
including striking time, time of application of peak
construction load, increment in deflection on unloading
from peak construction load and loss of tension stiffen-
ing during construction. In practice, slab thickness is
usually determined from span to depth ratios for regu-
lar grids of rectangular bays. The span-to-depth rules
given in BS8110
4
and EC2
5
fail to realistically account
for the effect of construction loading on slab deflection.
This article addresses the consequences of this and
investigates whether there is scope for reducing the
thickness of flat slabs below the minimum values given
by the span to depth rules given in BS 8110
4
and
EC2.
5
The span-to-depth rules in both EC2 and
BS 8110 aim to limit long-term deflections to
span=250 mm and deflections after installation of parti-
tions to the least of span=500 or 20 mm with the excep-
tion of flat slabs for which EC2 states deflections will
be greater. EC2 justifies its span-to-depth rules for flat
slabs on the basis of experience but gives no indication
of expected deflections of slabs designed using EC2
span-to-depth rules, which is concerning since EC2
gives significantly thinner sections than BS 8110.
Influence of construction loading on slab
deflection
The authors’ incremental method
1
for taking account
of construction loading in deflection calculations is al-
most equivalent to a single step method in which: (1)
the concrete tensile strength is taken as
f ctmodified ¼ Kminw=p (1)
where Kmin is the minimum value of K ¼ p f ct=w
evaluated at striking, peak construction load and full
service load; and (2) an effective concrete elastic mod-
ulus Ecomposite is used to account for the different ages
at which loads are applied. Webster
6
has suggested
Ecomposite is derived as follows
Ecomposite ¼ ˜wi=(˜wi=Eceffi) (2)
where Eceffi ¼ Ec=(1þ i) and i refers to the load
increment ˜wi. In EC2 and MC90 creep coefficients
i are scaled by Ec28=Ec giving EC2 ¼ (Ec28=Ec)i.
Construction loading
For load histories similar to that in Fig. 1, where the
most recently cast slab carries its self-weight after
striking, the peak construction load is given by
wpeak ¼ wself þ c(wself þ wcon) (3)
where c is a carry through factor of at least 1=(number
of supporting floors) and wcon is a construction load
comprising formwork, etc. A value between 0·75 and
1:5 kN=m2 is reasonable for wcon. Based on measure-
ments in prop forces at Cardington, Beeby
7
showed that
the peak construction load occurred in the top slab of
the supporting assembly when the slab above is cast.
Beeby’s work shows that it is reasonable to take c as
0·7 if there are two slabs in the supporting assembly.
Influence of construction loading on deflection
A series of parametric studies has been made on a
propped cantilever slab spanning 7·5 m (see Fig. 1) to
investigate the influences on deflection of early age
striking, peak construction load, slab thickness, con-
crete compressive strength and reinforcement. Deflec-
tions were found by numerically integrating mean
curvatures derived using the MC90
8
moment curvature
relationship in which mean curvatures are found by
interpolating between curvatures of uncracked (state 1)
and fully cracked (state 2) sections. The mean curva-
ture is given by
1=rm ¼ (1=r2 þ 1=rsh2)þ (1 )(1=r1 þ 1=rsh1) (4)
where 1=r ¼ M=Ec I for states 1 and 2 and
 ¼ 1 12(M r=M)2 for M > pM r (5)
where 1 ¼ 1 for deformed bars, 2 accounts for loss
of tension stiffening after loading and is taken as 1 for
short-term loading and 0·5 for many cycles of repeated
loading or long term loading. 1=rsh is the shrinkage
curvature. In MC90,
8
equation (5) is valid for M >p
M r, which avoids convergence problems since the
moment–curvature diagram is continuous, but in EC2
1
for M > M r. The reduced cracking moment used in
MC90 indirectly accounts for cracking due to restrained
shrinkage.
3
Mean material properties were used in the
analysis. Concrete tensile strengths at time t were de-
rived using equation (6) below which is similar to the
equation given in EC2
12
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Simplified loading used in analysis (h = 250 mm)
wstrike = 6·5
wpeak = 11·25 wperm = 8·25
2500
7500
Fully fixed
As = (Asprov/Asreq)Asreq
As1
h
Slab width = 1000 mm
Cover = 25 mm
Bar diameter = 16 mm
wd = 0·024h (self weight) + 1·5 (finishes) kN/m2
wi = 2·5 kN/m2
wpeak = 1·7*0·024h + 1·05 kN/m2
wpermanent = 0·024h + 2·25 kN/m2
wserv = wd + wi
Asreq = 693, As1 = 1274 mm2 (h = 250 mm) 
Fig. 1. Details of slab and loading used in parametric study
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f ctm ¼ 0:3 f 9(2=3)cm (6)
In this article, the mean concrete cylinder strength f 9cm
at time t is used in equation (6), unless stated other-
wise, rather than the characteristic strength f ck used in
EC2 since analysis of data from Cardington suggests
use of f 9cm is more realistic. The mean concrete com-
pressive strength f 9cm was taken as f ck þ 8 at 28 days
and the strength was assumed to increase with time in
accordance with the recommendations of MC90
8
for
normal strength concrete with a maximum value of
f ck þ 8. Concrete elastic moduli, creep coefficients and
shrinkage strains were derived using MC90.
8
Fig. 1
gives the loads used in the analysis and defines the
notation used for loads. All slabs were struck at 3 days
unless noted otherwise. The peak construction load
wpeak was derived from equation (3) with wcon ¼
1:5 kN=m2 and c ¼ 0:7. A permanent load of
2:25 kN=m2 was applied at 28 days made up of finishes
and permanent imposed load. The critical level of
cracking was defined by the minimum value of
K ¼ p f ct=w with , f ct and w evaluated at striking,
peak construction load and full service load
wserv(wd þ wi) with serv ¼ 0:5 since tension stiffening
is lost rapidly in cracked sections
3
and the duration of
wserv is unknown. Kpeak was more critical than Kstrike
for all slabs struck at 2 days or later. The effective
cracking moment was taken as
p
M r (as in MC90) in
the evaluation of . Elsewhere, Vollum3 showed that
best estimates of mean deflections in the Cardington
slabs are obtained with mean material properties if
strike and  peak are taken as 0·7 rather than 0·5 as
recommended previously by the authors. Consequently,
parametric studies were carried out to determine the
effect on deflection of increasing  to 0·7.
Influences of time of application of peak construction
load and value of strike and peak
Theoretically, long-term deflections given by a single
step analysis with f ctmodified should be increased by the
increment that occurs on unloading from the peak con-
struction load which can be estimated using the
Rotilio
9
method in which the unloading line is assumed
to intersect the state 1 (uncracked) curvature line at a
moment equal and opposite to the peak moment (see
Fig. 2). Ten thousand day deflections under the perma-
nent load wperm ( perm) are plotted in Fig. 3(a) for
f ck ¼ 30 MPa with 2strike ¼ 2 peak ¼ 0:5 and 0·7 with
and without the Rotilio increment in deflection on
unloading. Parametric studies show that the influence
of peak construction load increases with concrete
strength since the peak construction load induces crack-
ing in the span of slabs which would otherwise remain
uncracked under wperm. In practice, designers are also
interested in the maximum possible deflection that oc-
curs under the design service load wserv and is given by
serv ¼ perm þ ˜(wserv  wperm) (7)
where ˜ is the slope of the loading line. If the Rotilio
increment is included ˜ can be taken as the slope of
the unloading line if strike or  peak is critical. In prac-
tice, the Rotilio increment can usually be neglected
since it is small (see Fig. 3(a)) and occurs before the
construction of finishes. In this case, ˜ ¼ servi=wserv
where servi is the instantaneous deflection under wserv
calculated with the maximum  corresponding to strik-
ing, peak construction load and service load.
˜(wserv  wperm) only equals the increment in deflection
when the load is first increased from wperm to wserv if
Kstrike or Kpeak is critical. Fig. 3(b) shows that neglect-
ing the Rotilio increment does not greatly affect esti-
mates of total deflections but overestimates the
increment in deflection when the load is increased from
wperm to wserv. Figs 3(a) and 3(b) show that the reduc-
tion in deflection resulting from taking strike ¼
 peak ¼ 0:7 rather than 0·5 is around 10%. Given all
the uncertainties inherent in deflection calculation this
is considered an unnecessary refinement and it is re-
commended that 2 is taken as 0·5 throughout and that
the Rotilio increment is neglected.
Using MC90 to evaluate  tends to overestimate
curvatures in sections where M , M r during construc-
tion since the reduction in cracking moment due to
shrinkage is significantly less than M r(1p2) during
construction. This is investigated in Fig. 3(c) where ten
thousand day deflections under wperm are plotted
against slab thickness with  evaluated with MC90 and
EC2. The peak construction load was applied at seven
days. Fig. 3(c) shows that deflections corresponding to
EC2 and MC90 are similar, except for the 350 mm
slab, since cracking occurred in the span during con-
struction as at Cardington. Fig. 3(c) also shows that
deflections are significantly underestimated if cracking
due to construction loading is neglected and the EC2
mean 28 day concrete tensile strength f ctm28EC2 (given
by equation (6) with f ck rather than f cm) is used as in
the derivation of the EC2 span-to-depth ratios and in
worked examples.
10
Influence of early age striking
Ten thousand day deflections under wperm
(8:25 kN=m2) are plotted against age at striking in Fig.
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Fig. 2. Rotilio unloading diagram
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3(d) for peak construction loads applied at 7 days and
14 days with 2strike ¼ 2 peak ¼ 0:5. Fig. 3(d) shows
that deflections are relatively insensitive to the age at
striking unless Kstrike is critical (at 1 day) but sensitive
to the age at peak construction load since Kpeak is
usually critical.
Influence of increasing reinforcement area
It is common UK practice to increase BS 8110
4
per-
missible span-to-depth ratios by providing more steel
than is required for strength in the span. Increasing the
area of tension reinforcement reduces service stresses
in the steel and hence the curvature. Fig. 3(e) shows
the effect on ten thousand day deflections (under wperm)
of increasing the area of tension reinforcement over
that required for strength for a slab struck at 3 days
with peak construction load applied at 7 days. Fig. 3(e)
shows that: (1) increasing Asprovided=Asrequired has a rela-
tively small effect on deflection compared with in-
creasing concrete strength; and (2) it is beneficial to
increase the area of tension steel at the supports as well
as in the span.
Fig. 3. Influence of time of peak construction load on 10 000 day deflection under: (a) wperm(f 9c ¼ 30 MPa); (b)
wserv(f 9c ¼ 30 MPa); (c) influence of slab thickness on 10 000 day deflection; (d) influence of striking time on 10 000 day
deflection ( f ck ¼ 30 MPa,  ¼ 0:5); (e) influence of concrete strength and area of reinforcement on 10 000 day deflection
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Span-to-depth rules in BS 8110 and EC2
BS 8110 gives basic span-to-depth rules for beams in
Table 3.10 that are modified to account for the effect
of tension and compression reinforcement. BS8110
gives the following equation for the modification factor
for tension reinforcement
MF ¼ 0:55þ (477 f s)=[120(0:9þ M=bd2)] < 2
(8)
Prior to 1997, the following equation was given in BS
8110 for the service stress in the reinforcement
f s ¼ 5=8 f y(Asreq=Asprov)=b (9)
where b is the moment in the span after redistribution
divided by the elastic moment. For spans greater than
10 m values should be multiplied by 10=l where l is
the span. Service stresses f s were increased in BS
8110: 1997 since the material factor of safety for the
reinforcement was reduced to 1·05 from 1·15. Equation
(9) is used in this article for comparison of slab depths
given by EC2 and BS 8110 since the majority of slabs
built in the UK since 1985 were designed prior to
1997. Using equation (9) is equivalent to using BS
8110 1997 with Asprov=Asreq ¼ 1:15=1:05 ¼ 1:1. In the
current work, the modification factor for compression
reinforcement has been neglected since compression
steel is not required in the span of flat slabs and b has
been taken as 1 throughout in the calculation of f s.
Equations (8) and (9) account for the fact that deflec-
tions in cracked members increase with: (1) the service
stress in the reinforcement and; (2) for given f s with
the depth to the neutral axis for cracked sections. Equa-
tions (8) and (9) fail to account for the effects of con-
crete strength, age at striking or construction loading.
The span-to-depth rules in BS 8110 were derived using
the deflection prediction method in BS 8110 with a
concrete cube strength of 25 MPa.
EC2 gives the following equation for span to depth
ratios
l=d ¼ K[11þ 1:5pf ckr0=r
þ 3:2p f ck(r0=r 1)1:5] if r < r0 (10)
l=d ¼ K[11þ 1:5pf ckr0=(r r9)
þ 1=12p f ckp(r9=r0)] if r . r0 (11)
where K accounts for structural form and is 1·2 for
flat slabs, r0 is the reference reinforcement indexp
f ck 3 10
3, r is the required tension steel ratio at
mid-span and r9 is the required compression steel ratio
at mid-span. Equations (10) and (11) were derived
assuming a steel stress under the design service load at
the critical section for deflection (midspan for a contin-
uous beam) of 310 MPa which corresponds to f yk ¼
500 MPa. When other steel stress levels are used the
values given by equations (10) and (11) should be
multiplied by 310= s. The code states that it is nor-
mally conservative to assume
310= s ¼ 500=( f ykAsreq=Asprov) (12)
For flat slabs with span greater than 8·5 m values given
by equations (10) and (11) should be multiplied by
8:5=leff where leff is the span. The background to equa-
tions (10) and (11), which were derived by curve fitting
data obtained from parametric studies on simply sup-
ported beams, is described in the supporting document
for section 7 of EN 1992-1.
11
The following key as-
sumptions were made in the parametric studies
• Application of self weight g1 at 10 days
• Application of the remaining dead load g2 at 60 days
• Application of quasi-permanent load 0:3wi where wi
is the design imposed load at 365 days
• Typically g1 ¼ 45%wserv, g2 ¼ 30%wserv and wi ¼
25%wserv (where wserv ¼ g1 þ g2 þ wi) giving wperm
¼ 0:59wuls but in the studies used to derive equations
(10) and (11) g1 ¼ 36%wserv, g2 ¼ 24%wserv and
w ¼ 40%wserv giving wperm ¼ 0:51wuls. The influ-
ence of different loading times and levels was taken
into account by superposition. A short-term construc-
tion load equal to the total dead load plus the quasi-
permanent load was applied at striking which simpli-
fies the analysis by making  independent of load
stage.
• The mean 28 day concrete tensile strength was used
in the calculation of the cracking parameter .
The key differences between the assumptions made in
the derivation of the EC2 and BS 8110 span-to-depth
rules are as follows
(a) The respective code deflection prediction models
were used in the derivation of the EC2 and BS
8110 span to depth rules.
(b) The EC2 rules take concrete strength into account
unlike the BS 8110 rules which were derived as-
suming a cube strength of 25 MPa.
(c) Both codes limit long-term deflections to span=250
but BS 8110 calculates deflections under the full
service load wserv part of which is assumed to be
permanent whereas EC2 only uses the permanent
service load. The EC2 approach seems optimistic
to the authors since it fails to consider the possi-
bility of the full service load being applied.
Vollum
3
has shown elsewhere that tension stiffen-
ing is lost rapidly in cracked sections. Therefore,
in the authors’ opinion the interpolation coefficient
 should be calculated with the full service load
rather than the permanent load as in the derivation
of the EC2 span to depth rules. The BS 8110
approach of calculating deflections under the full
service load seems preferable to the EC2 approach.
Both codes limit the increase in deflection after
construction to span=500 but EC2 considers only
Are existing span-to-depth rules conservative for flat slabs?
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considers the permanent load unlike BS 8110 that
considers the total load.
Comparison of span-to-depth rules in EC2 and
BS 8110
Slab thicknesses were derived for flat slabs spanning
between 7 m and 9 m using the span-to-depth rules in
BS 8110 and EC2. Thicknesses were calculated for a
square floor consisting of nine square panels of equal
span. Nine panels is the smallest number to give corner
(4) external (4) and internal (1) panels and was chosen
to minimise computation time in deflection calcula-
tions. The floor-to-floor height was taken as 3·5 m
unless noted otherwise. The internal and external col-
umn sizes were assumed to be 400 mm square and
400 mm by 250 mm respectively as at Cardington. The
corner column was square with the same second mo-
ment of area as about the minor axis of the external
column which was oriented parallel to the slab edge.
Design moments were derived from elastic analysis of
an equivalent frame in accordance with BS 8110. Slab
thicknesses were derived with f yk ¼ 460, varying
concrete strengths ( f ck between 30 and 50 MPa),
Asprov=Asreq (1 to 1·5) and span (7–9 m). The super-
imposed dead load was taken as 1:5 kN=m2 and the
imposed load wi as 2·5 or 5 kN=m
2. The resulting slab
thicknesses are compared in Figs 4(a)–(c) which show
that the EC2 span-to-depth ratios give significantly
thinner slabs than BS 8110. The load ratios wperm=wuls
are close to 0·6 for wi ¼ 2:5 kN=m2 and 0·5 for
wi ¼ 5 kN=m2 for a quasi-permanent load of 0:3wi.
Significance of construction loading for span-to-depth
ratios
The two main differences between the assumptions
in deflection calculations made by the authors and
Peiretti
11
in the derivation of the EC2 span-to-depth
rules are in: (1) the magnitude of construction load; and
(2) the concrete tensile strength used in the analysis.
The construction loads given by equation (3) with
c ¼ 0:7 and assumed by Peiretti are compared in Fig. 5
for the flat slabs described in the previous section,
spanning between 7 and 9 m, with minimum slab
depths corresponding to equations (10) and (11) for
f ck ¼ 30, f yk ¼ 460 and Asprov=Asreq ¼ 1. The design
imposed load was taken as 2·5 or 5 kN=m2. The super-
imposed dead load was 1:5 kN=m2. The total construc-
tion load corresponding to the assumptions implicit in
equations (10) and (11) equals the permanent service
load of 0·51wuls. Fig. 5 shows that peak construction
loads are likely to be significantly larger than assumed
in the derivation of the EC2 span-to-depth rules. Fig. 5
also shows that the peak construction load is greater
than wserv for a design imposed load of 2:5 kN=m
2
which is only acceptable if there is an adequate factor
of safety against collapse and reinforcement remains
elastic under wpeak. In practice, designers may wish to
design slabs for a total service load of at least wpeak.
Figure 6 shows that the difference between f ctm28EC2
(evaluated with f ck in equation (6)) and f ctmodified in-
creases with span and implies that the effect of the peak
construction load becomes more significant with span.
Deflections in flat slabs dimensioned with EC2 span-to-
depth rules
A series of parametric studies has been carried out to
calculate deflections in the flat slabs shown in Figs
Fig. 4. Slab thickness versus: (a) span ( f ck ¼ 30 MPa,
wi ¼ 2:5 kN=m2); (b) f ck (span ¼ 7·5 m, f ck ¼ 30 MPa); (c)
influence of Asprov=Asreq on slab thickness
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4(a)–(c) dimensioned using EC2. The reinforcement
was distributed between column and middle strips as
defined in BS 8110. Deflections were calculated using
Hossain’s finite element program
1
that incorporates the
MC90 moment–curvature relationship which is
similar to the EC2 relationship. The columns were
modelled with brick elements assuming a point of con-
traflexure at mid-height. The concrete tensile strength
was taken as f ctmodified unless noted otherwise with con-
crete tensile strengths calculated with equation (6) at
striking, peak construction load and 28 days. The mean
concrete compressive strength was taken as f ck þ 8 at
28 days and the strength was assumed to increase with
time in accordance with the recommendations of EC2
for normal strength concrete. Creep and shrinkage were
taken into account using EC2. Keeping as closely as
possible to the assumptions made in the derivation of
the EC2 span-to-depth rules the following load histories
(similar to Fig. 1) were assumed
(a) The slab was struck at 3 days, the peak construc-
tion load was applied at 7 days, the remaining
dead load was applied at 60 days and the quasi-
permanent load at 365 days.
(b) As above but the slab was struck at 10 days and
the peak construction load was applied at 14 days.
Pattern loading was not considered. Load history 1 was
used throughout unless noted otherwise. The peak con-
struction load wpeak was derived with equation (3) as-
suming c ¼ 0:7 and a construction load wcon of
0:75 kN=m2. Creep under the peak construction load
was neglected. Long-term deflections were calculated
under a permanent load of slab self-weight plus
superimposed dead load of 1:5 kN=m2 plus the quasi-
permanent load which was taken as 0:3wi. The influ-
ence of different loading times on creep was taken into
account using equation (2). The cladding load was
assumed to be included in the permanent superimposed
load. The slab thicknesses used in the parametric stud-
ies are given in Fig. 4.
Justification for use of fctmodified
Elsewhere, Vollum3 showed that use of f ctmodified is
only justified if cracking occurs in the span during
construction. This is explored in Fig. 7 where maxi-
mum elastic flexural stresses in the span under wpeak
(derived with equation (3) for c ¼ 0:7) are plotted
against slab thickness for a slab spanning 7·5 m. Figure
7 also shows tensile stresses in the span calculated
assuming that cracking occurred at the supports but not
in the span. It can be seen that stresses increase sig-
nificantly in the span on cracking at the support due to
redistribution of moment. The stress of 4·65 MPa in the
external bay of the 300 thick slab with no cracking
in the span corresponds to f cm ¼ 61 MPa according to
equation (6) which indicates that cracking occurs in the
span under construction loading, unless thick slabs and
high strength concrete are used, and justifies using
f ctmodified.
Evaluation of EC2 modification factor for concrete
strength
Ten thousand day deflections under wperm were
calculated in the nine-panel slab described previously
for a span of 7·5 m with the minimum permissible
slab depth allowed by EC2 for f ck ¼ 30 MPa with
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Asprov ¼ Asreq and wi ¼ 2:5 kN=m2 (h ¼ 233 mm) for
load histories (1) and (2) with concrete tensile strength
f ctused varying between f ctmodified (2·24 MPa) and
f ctm28EC2 evaluated with f ck in equation (6) (2·9 MPa).
The resulting deflections for load history (1) are plotted
against f ctused (which is proportional to Kmin ¼p
0:5 f ctused=wperm) in Fig. 8(a) that shows deflections
are significantly underestimated if f ctm28EC2 is used and
that long-term deflections are significantly exceed the
code limit of span=250 ¼ 30 mm. Figure 8(a) also
shows that there is an almost linear relationship be-
tween predicted deflections and concrete tensile
strength or Kmin in cracked slabs as observed at Car-
dington.
2
The information in Fig. 8(a) is rearranged
Fig. 8. (a) Deflection versus fct (span ¼ 7:5 m, h ¼ 233 mm); (b) influence of peak construction load on long-term deflection
(span ¼ 7:5 m, h ¼ 233 mm); (c) influence of concrete strength on deflection calculated with f ctmodified(span ¼ 7:5 m) (span
7·5 m); (d) comparison of benefit of increasing f ck and span ¼ 7:5 m, f ck ¼ 30 MPa, Asprov=Asreq for corner panel
(span ¼ 7:5 m); (e) influence of span on deflection ( f ck ¼ 30 MPa)
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in Fig. 8(b) to show the influence of the magnitude
of peak construction load on deflection (wpeak ¼
wperm fctpeak= f ctused). Figure 8(b) also shows that deflec-
tions increase significantly if the age at striking is
reduced from 10 days (load history 2) to 3 days (load
history 1) largely due to increased cracking under the
peak construction load which was applied 4 days after
striking.
EC2 allows slab thickness to be reduced significantly
if the concrete strength is increased (see Fig. 4). De-
flections were calculated for a slab spanning 7·5 m with
f ck ¼ 30, 40 and 50 MPa and thicknesses correspond-
ing to the EC2 span-to-depth ratios. The results are
given in Fig. 8(c) that shows that deflections remain
fairly constant with increasing concrete strength as
required. However, deflections in slabs dimensioned
with EC2 span-to-depth rules are very large since the
28 day tensile strength was used in their derivation. To
compensate for this, slab thicknesses were recalculated
using a modified concrete strength f ckeff in equation
(9) given by
f ckeff ¼ ( f ctmodified=0:3)1:5 (13)
where f ctmodified (see equation (1)) is the tensile strength
used in the calculation of deflections under wperm
¼ g1 þ 0:3wi þ 1:5 kN=m2 where g1 is the slab self-
weight. f ckeff is the mean concrete compressive
strength giving rise to a tensile strength of f ctmodified
according to equation (6). If Kpeak is critical as is often
the case, f ctmodified ¼ f ctpeak(wperm=wpeak). Minimum
EC2 slab thicknesses were recalculated for concrete
strengths f ckeff and found to be closer to the corre-
sponding BS 8110 thickness (see Fig. 4). Deflections
were recalculated and were found to be more in line
with the Code deflection limit of span=250 ¼ 30 mm
(see Fig. 8(c)) except in corner panels.
Effect of column size
The span to depth rules in EC2 and BS8110 allow
for the effect of column size on minimum slab thick-
ness since the design moments depend on column stiff-
ness. A number of parametric studies were carried out
on slabs spanning 7·5 m dimensioned with equations
(10)–(12) using f ckeff for f ck ¼ 30 MPa, wi ¼ 2:5
kN=m2 and Asprov=Asreq ¼ 1 to determine the effective-
ness of the EC2 span-to-depth rules at modelling the
effect of column size on deflection. The results are
given in Table 1 that compares long-term deflections
for point supports, and three different column sizes. It
can be seen that the EC2 span-to-depth rules partially
account for the effect of column size on deflection. In
the remaining calculations, the internal and external
column sizes were assumed to be 400 mm square and
400 mm by 250 mm respectively as at Cardington.
Evaluation of EC2 and BS 8110 modification factors
for reinforcement area
Both EC2 and BS8110 allow slab thicknesses to be
reduced significantly if the area of flexural reinforce-
ment provided is increased above that required for
strength (see Fig. 4(c)). Although the reduction in
thickness with increasing Asreq=Asprov is similar in Fig. -
4(c) for BS 8110 and EC2 parametric studies show that
EC2 generally allows greater reductions in thickness.
Deflections were calculated for slabs spanning 7·5 m
with Asprov=Asreq varying between 1 and 1·5 and mini-
mum slab thicknesses corresponding to the EC2 span
to depth rules with f ckeff . The relative benefits of either
increasing concrete strength or Asprov=Asreq are com-
pared in Fig. 8(d) which shows that: (1) increasing
concrete strength is significantly more effective; (2)
EC2 overestimates the benefit of adding surplus flex-
ural reinforcement in the span; and (3) it makes little
difference to increase the area of tension reinforcement
at the support (top) and in the span (bottom) rather than
just in the span as in common practice.
Influence of span on deflection
Figure 8(e) shows the influence of span on deflec-
tions in slabs struck at 3 days dimensioned with the
EC2 span to depth rules using f ckeff with
f ck ¼ 30 MPa and Asprov ¼ Asreq. Figure 8(e) gives de-
flections calculated with both f ctm28EC2 and f ctmodified
that are considered most realistic. It can be seen that
the ratio (span/deflection) reduces as the span is in-
creased from 7·5 to 8·25 m but remains fairly constant
thereafter. This may be due to the fact that the permis-
sible span-to-depth ratio is reduced by span=8:5 for
spans greater than 8·5 m in flat slabs rather than
span=7 in other members. Figure 8(e) shows that de-
flections in the corner panel significantly exceed the
code limit of span=250.
Table 1. Influence of column size on deflection in flat slabs spanning 7·5 m
Slab thickness Column size (mm) Deflection under wperm (mm)
(mm)
Corner External Internal Corner External Internal
286 Point Point Point 64·9 37·7 2·4
265 281281 400250 400400 45·9 32·4 16·5
247 351351 500313 500500 45·9 35·7 22·4
231 421421 600375 600600 46·9 38·5 28·6
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Deflections at other points
Arguably the critical deflections in the slab for
finishes are those mid-way between the columns. The
maximum, mean and minimum ratios of these deflec-
tions to the relevant mid-panel deflection are compared
in Table 2. It can be seen that the maximum deflections
between columns are close to the mid-panel deflec-
tions. This suggests that it is appropriate to take the
span as the grid spacing rather than the diagonal dis-
tance between columns when calculating the deflection
ratio =L.
Deflections after application of superimposed dead
load
Increments in deflection under wperm and wserv were
calculated from application of the superimposed dead
load of 1:5 kN=m2 at 60 days for slabs spanning 7·5 m
and 9 m sized using the EC2 span-to-depth ratios with
f ckeff , Asprov ¼ Asreq and wi ¼ 2:5 kN=m2 for f ck ¼
30 MPa. The increment in load from wperm to wserv was
assumed to be short-term. The increments ˜ are given
in the form span=˜ in Table 3 which shows that the
increments in deflection are generally within the code
limit of span=500.
Influence of load on deflection
In all the deflection calculations to date, the quasi-
permanent load was taken as 0:3wi in conjunction
with superimposed dead and live loads of 1·5 and
2:5 kN=m2 respectively giving wperm=wuls  0:6. If
Kstrike or Kpeak is critical, deflections are almost propor-
tional to load. To cater for variations in wperm=wuls,
(which equations (10)–(12) fail to do) it is suggested
that permissible span to depth ratios obtained using
f ckeff in equations (10) and (11) (evaluated with
wperm ¼ g1 þ 0:3wi þ 1:5 kN=m2) should be multiplied
by a factor Æ given by
Æ ¼ 0:6=(wperm=wuls)500= f yk (14)
The effectiveness of equation (14) is shown in Fig. 9(a)
where deflections are plotted against wperm=wuls for
slabs with span-to-depth ratios from equations (10) and
(11) with f ckeff multiplied by Æ (see equation (14)).
Figure 9(b) shows that long-term deflections calculated
with f ctmodified under wperm are almost independent of
wi for slabs of constant thickness spanning 7·5 m
(265 mm thick with f ck ¼ 30 MPa and 227 mm thick
with f ck ¼ 50 MPa) and 9 m (353 mm thick with
f ck ¼ 30 MPa) with wperm ¼ 0:3wi þ 1:5 kN=m2. Para-
metric studies show that the proposed method of deriv-
ing slab thicknesses with equations (10), (11) and (14)
(with f ckeff evaluated with wperm ¼ g1 þ 0:3wi þ
1:5 kN=m2) gives slab thicknesses that are almost in-
dependent of wi (see Fig. 4(b)) as implied by Fig. 9(b).
For example, the thickness of a 265 mm thick slab
spanning 7·5 m with f ck ¼ 30 MPa and Asprov ¼ Asreq
only increases from 265 to 269 mm as the imposed
load is increased from 2·5 to 5 kN=m2. Equation (14)
was also used to assess the benefit of adding surplus
flexural reinforcement assuming wuls increased in pro-
portion with Asprov=Asreq. Asprov was used to calculate r
in equations (10) and (11) instead of Asreq. The results
given in Figs 4(c) and 8(d) show that the method
slightly underestimates the benefit of providing surplus
flexural reinforcement. This is not considered a draw-
back since the practice of providing surplus reinforce-
ment to reduce slab thickness is inefficient and in the
authors’ view should be discouraged.
Conclusions
The influence of construction loading in deflection
calculations was evaluated assuming deflections depend
on the minimum value of K ¼ p2 f ct=w evaluated at
striking, peak construction load and service load. It is
shown that taking 2 as 0·7 rather than 0·5 for striking
and peak construction load reduces deflections by
around 10%. Given all the uncertainties inherent in
deflection calculations this is considered an unneces-
sary refinement and it is recommneded that 2 is taken
as 0·5 throughout in the evaluation of K. Parametric
Table 2. Deflections between columns
Location: mid-way between Ratio Average Maximum Minimum
external columns = (externalþ) 0·29 0·33 0·26
corner and external columns = (cornerþ) 0·50 0·54 0·48
internal and external columns = (externalþ) 0·97 1·04 0·91
internal columns = (internalþ) 0·90 1·04 0·84
þ mid-panel deflection.
Table 3. Increment in deflection after 60 days
( wi ¼ 2:5 kN=m2)
Span (m) L=˜
7·5 (h ¼ 265 mm) 9 (h ¼ 348 mm)
Location wperm wserv wperm wserv
corner 503 369 514 383
external 681 514 705 544
internal 1013 873 1465 1269
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studies show that peak construction loading usually
governs long-term deflections.
The span-to-depth rules in EC2 and BS 8110 are
compared and it shown that EC2 allows significantly
thinner slabs. Deflections calculated in flat slabs di-
mensioned with the EC2 span-to-depth rules can be
excessive in external and corner panels since the rules
fail to allow for the effect of cracking during construc-
tion. Consequently, it is proposed that an effective con-
crete strength f ckeff is used in the derivation of the
EC2 span to depth rules where f ckeff is chosen to give
a tensile strength of f ctmodified evaluated with wperm ¼
g1 þ 0:3wi þ 1:5 kN=m2. To allow for variations in the
ratio wperm=wuls and fyk, EC2 span-to-depth ratios from
equations (10) and (11) with fckeff should be multiplied
by 0:6=(wperm=wuls)500= f yk. Slab thicknesses calculated
using f ckeff were found to be close to BS 8110 depths
for f ck ¼ 30 MPa, assuming striking at 3 days, a super-
imposed dead load of 1:5 kN=m2 and a quasi-perma-
nent load of 0:3wi ¼ 0:75 kN=m2. It is shown that
minimum slab thicknesses are almost independent of
wi. The parametric studies show that long-term deflec-
tions under wperm in flat slabs sized with the EC2 span
to depth rules using f ckeff will typically exceed
span=250 but the increment in deflection after installa-
tion of finishes is generally within code limits. This
implies that there is no scope for reducing slab thick-
ness below the values given by the EC2 span to depth
rules with f ckeff unless overall deflection limits can be
relaxed. The main benefits of using the EC2 rules with
f ckeff rather than BS 8110 are: (1) slab thicknesses are
almost independent of wi; (2) the benefit of increasing
concrete strength is included; and (3) the effect of
cracking during construction is incorporated. It is
shown that it is more efficient to reduce slab thickness
by increasing concrete strength than reinforcement area
and that the EC2 span depth rules overestimate the
benefit of adding surplus reinforcement. If relatively
high deflections are considered acceptable in corner
panels, there is scope for reducing slab thickness below
BS 8110 recommendations (BS 8110: 1985 with
Asprov ¼ Asreq or BS 8110: 1997 with Asprov=Asreq
¼ 1:15=1:05) for concrete cylinder strengths greater
than 25–30 MPa. This article is based on the final draft
of EC2 that is subject to revision before the Code is
published sometime in 2003. Readers who do not have
access to the final draft of EC2 are referred to Refer-
ence 12 that is based on the final draft of EC2.
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Fig. 9. (a) Deflection in slabs with minimum permissible
depth versus wperm=wuls (wi ¼ 2:5 kN=m2); (b) influence of
wi on deflection under wperm in slabs with constant depth
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